Summary A United States-specific cost-effectiveness analysis, which incorporated the cost and health consequences of clinical fractures of the hip, spine, forearm, shoulder, rib, pelvis and lower leg, was undertaken to identify the 10-year hip fracture probability required for osteoporosis treatment to be cost-effective for cohorts defined by age, sex, and race/ ethnicity. A 3% 10-year risk of hip fracture was generally required for osteoporosis treatment to cost less than $60,000 per QALY gained. Introduction Rapid growth of the elderly United States population will result in so many at risk of osteoporosis that economically efficient approaches to osteoporosis care warrant consideration. Methods A Markov-cohort model of annual United States agespecific incidence of clinical hip, spine, forearm, shoulder, rib, pelvis and lower leg fractures, costs (2005 US dollars), and quality-adjusted life years (QALYs) was used to assess the costeffectiveness of osteoporosis treatment ($600/yr drug cost for 5 years with 35% fracture reduction) by gender and race/ ethnicity groups. To determine the 10-year hip fracture probability at which treatment became cost-effective, average annual age-specific probabilities for all fractures were multiplied by a relative risk (RR) that was systematically varied from 0 to 10 until a cost of $60,000 per QALY gained was observed for treatment relative to no intervention. Results Osteoporosis treatment was cost-effective when the 10-year hip fracture probability reached approximately 3%. Although the RR at which treatment became cost-effective varied markedly between genders and by race/ethnicity, the absolute 10-year hip fracture probability at which intervention became cost-effective was similar across race/ethnicity groups, but tended to be slightly higher for men than for women. Conclusions Application of the WHO risk prediction algorithm to identify individuals with a 3% 10-year hip fracture probability may facilitate efficient osteoporosis treatment.
Introduction
To improve the process of identifying patients at highest risk of fracture, the World Health Organization (WHO) has sponsored development of a fracture prediction algorithm, FRAX™, designed to identify high-risk candidates for pharmacologic intervention among residents of different geographic regions, either sex, and any race [1] . This endeavor is timely because the National Osteoporosis Foundation (NOF) is now in the process of updating current clinical practice guidelines to reflect the growing international consensus that intervention thresholds for osteoporosis treatment should be determined on the basis of the probability that an osteoporotic fracture will occur sometime over the next 10 years, i.e., absolute fracture risk [2] . To support existing NOF guidelines, an extensive economic evaluation was undertaken in 1998 [3] . A portion of that earlier evaluation has been updated to reflect present knowledge regarding fracture incidence, health consequences and costs and is described here. The objective of this analysis is to identify the level of absolute fracture risk (%) at which treatment intervention becomes cost-effective, given estimates of fracture incidence, morbidity, mortality and cost specific to the United States. Cost-effectiveness considerations are warranted because the number of fractures observed each year in the United States will increase with rapid growth of the elderly population over the next few decades [4, 5] , but the potential population at risk is so large that control programs must be economically efficient as well as clinically effective.
Materials and methods

Model structure and approach
Markov state-transition models [6] , implemented in TreeAge Pro (TreeAge Software, Williamstown, MA), were used to track fracture incidence and mortality among individual cohorts defined by sex, race/ethnicity and starting age (e.g., 50, 55, ..., 85 years) until age 100 years (or death). Such models allow direct modification of fracture incidence rates to reflect a patient population at increased risk of fracture due to a variety of risk factors, with treatment effects modeled by applying a relative risk reduction to the age-specific fracture incidence rates. Using tailored annual transition probabilities for each cohort, the model estimated health outcomes measured as qualityadjusted life expectancy and costs over a lifetime under two alternatives: 1) no intervention and 2) osteoporosis treatment for 5 years.
The model includes a number of discrete health states (Fig. 1) . Each state has an associated economic cost and health state value (i.e., utility or preference weight), which are used to track costs and quality-adjusted life years (QALYs), respectively. We modeled the incidence of proximal femur (hip), distal forearm (wrist), clinical vertebral (spine) and "other" fractures. For women, other fractures included proximal humerus, rib, pelvis, and tibia/ fibula; tibia/fibula fractures were excluded for men as described elsewhere [7] . Movement between health states occurs annually according to specified state-dependent transition probabilities, with first-year transitions depicted in Fig. 1 .
Early in this endeavor, two alternative approaches for modeling fracture incidence were considered as follows: Approach 1. Model age-specific fracture incidence without attention to "first fracture" (i.e., do not alter subsequent fracture risk once a fracture has occurred). This approach mirrors models used to support UK and Swedish clinical guidelines [8, 9] . The age-specific incidence rates utilized in this approach are detailed in the Appendix. Approach 2. Model the age-specific incidence of first fractures. Once a fracture has occurred, allow subsequent fractures to occur at a higher rate based on evidence from metaanalyses that have addressed this question [10, 11] .
In theory, both approaches should yield approximately equivalent results. Thus, to validate the model structure, both approaches were undertaken and compared using data on sex-and age-specific fracture incidence either overall (Approach 1) or for first fracture (Approach 2) as taken from Olmsted County, MN [12] , which is disproportionately white (90% in 2005) [13] . Fracture incidence rates for non-white race/ethnicity groups were based on ratios of reported incidence rates (race group/white) derived from the literature [14] . Compared to white women, black, Asian, and Hispanic women were 57%, 50%, and 47% less likely to fracture, respectively. Compared to white men, black, Asian, and Hispanic men were 47%, 36%, and 42% less likely to fracture, respectively.
Treatment efficacy
A five-year course of treatment with a bisphosphonate-like therapy was modeled under the assumption of full persistence. Randomized clinical trial evidence for the effectiveness of treatment in reducing fracture risk varies by fracture site and the population studied [15] . To maintain comparability between the current analysis and other studies that have addressed treatment intervention thresholds using economic evaluation, in baseline analyses, a fracture reduction of 35% (relative risk [RR]=0.65) was assumed for any individual initiating therapy [8, 9, 16] . The same treatment efficacy was modeled for each population group considered. Treatment effectiveness was allowed to deteriorate following discontinuation of therapy and was assumed to be fully offset 5 years after discontinuation as recommended elsewhere [17] . We note that some level of treatment non-compliance is inherent in clinical trials estimates of efficacy and is thus reflected in the assumed treatment efficacy. Although studies indicate that early discontinuation with treatment is common [18] , the baseline assumption of 100% persistence over the 5-year treatment period reflects an optimistic assessment of the economic value of osteoporosis treatment.
Health state values
To estimate quality-adjusted life expectancy, each health state in the model has an associated value, which reflects societal preferences for that health state on a scale where 1 represents best imaginable health and 0 represents death [19] . The health state values expected for each age-group and sex were derived from EuroQol EQ-5D based on United States population data [20] . The loss in health-related quality of life for each type of fracture, which is referred to as a "disutility," was limited to a 5-year time horizon with initial and second year decrements shown in Table 1 . These disutilities are consistent with those used in Swedish and UK economic analyses [8, 9] ; however, these European studies applied disutilities beyond 5 years. In our analysis, the disutility decreased linearly for years 2 through 5 when the value of zero (i.e., no further quality of life decrement) was reached. In a sensitivity analysis, we tested the effect of both a 10-year and a lifetime period of post-fracture impairment/ disutility. Although osteoporotic fractures are less common among non-white populations and men [14] , it was assumed that, should a fracture occur, the associated reduction in quality of life would be the same as for a postmenopausal white woman.
Costs
All costs are represented in 2005 United States dollars ($). Fracture costs are delineated in Table 1 and are based on n/a n/a n/a *Values shown are for women and include proximal humerus, rib, pelvis and tibia/fibula. For men, tibia/fibula fractures are excluded and 1st and 2nd year disutilities are 0.071 and 0.029, respectively. First year other fracture costs for men are $6,946 a From Kanis et al. [41] . To model health state value following a fracture, the age-specific EQ-5D health state value was multiplied times 1 minus the disutility shown above b From Gabriel et al. [21] incremental expenditures, compared to controls, in the year following versus the year before fracture [21] . It was assumed that expenditures for osteoporosis interventions and for treating fractures would be the same regardless of age, race, or gender. Annual drug costs were $600 in the base-case analysis, but were varied from $900 per year (approximating 2005 average wholesale prices for bisphosphonates) to $300, which may ultimately reflect generic bisphosphonate costs. Those receiving treatment were assumed to have an additional physician visit each year ($49 per year) and to incur the cost of a BMD test ($82) in the second year after treatment initiation [16] . Therefore, treatment-related costs (drug, physician visit) in years 1 through 5 ranged from $349 to $949 depending on drug cost, with an additional BMD test cost of $82 incurred in year 2.
Mortality
Annual age, sex-and race-specific mortality rates were taken from 2001 United States lifetables [22] , with 5-year mortality rates modeled for Asian and Hispanic populations. Increased mortality in the year following hip fracture was modeled, but no excess mortality risk was assumed following wrist, spine or other fractures. This is because the excess mortality following vertebral fractures is late, not early, and there is no consistent pattern of excess mortality following fractures at the other skeletal sites [23] . Substantial mortality has been reported among patients in the year following hip fracture [24] [25] [26] [27] [28] [29] [30] [31] . Although hip fracture may often be the precipitating event causing death, serious underlying diseases are quite common in this group [5, 29] . Thus, prevention of a hip fracture will not necessarily reduce mortality to age-specific norms.
Cost-effectiveness analysis
The cost-effectiveness of treatment relative to no intervention was estimated as the cost per QALY gained. Cost and health outcomes were tracked over a lifetime with both outcomes discounted at a rate of 3% per year. Discounting is used to value near term costs and losses in quality of life more heavily than those occurring in the future [32] . Incremental cost-effectiveness ratios (ICERs) were calculated by dividing the difference in mean total discounted costs between treated and untreated cohorts by the respective difference in quality-adjusted life expectancy. To determine the relative risk threshold at which treatment became cost-effective, we adopted a willingness-to-pay threshold of $60,000 per QALY gained as "cost-effective". Although this is slightly higher than the $50,000 value that has become commonplace in many economic analyses, it is lower than the twice per capita gross domestic product (i.e., approximately $75,000 for the United States) that was recently advocated as a reasonable cost-effectiveness criterion [16] . The $60,000 threshold had the additional advantage of being consistent with international models of treatment cost-effectiveness [8, 9, 16] . In sensitivity analyses we examined the impact of alternative willingness-topay thresholds on results of our analysis, because many well-accepted medical practices in the United States have ratios in the $50,000 to $75,000 range [33, 34] .
To identify how much higher than average risk a population must be for treatment to become cost-effective (i.e., cost per QALY gained with treatment below $60,000), all annual age-specific fracture probabilities (i.e., hip, wrist, clinical vertebral, and other) were multiplied by a relative risk (RR) that was systematically varied from 0.01 to 10 until $60,000 per QALY gained was observed for treatment relative to no intervention. As an example, consider the 60-year-old white female population. When the simulation model, which includes an average age-specific risk of hip, wrist, clinical vertebral and other fractures as detailed in the Appendix, is run, the ICER for treatment is nearly $140,000 per QALY gained (Table 2 ). Relative to the $60,000 willingness-to-pay criterion, treatment of the average 60-year-old woman is not cost-effective. Thus, the RR, applied to each type of fracture, is increased above 1 until a cost of $60,000 per QALY gained is achieved for treatment when compared with no intervention. For the 60-year-old white female population, an RR of 1.6 must be applied to each fracture type before treatment becomes cost-effective. Although all fractures are used to identify the cost-effective relative risk intervention threshold, we report intervention thresholds on the basis of absolute 10-year hip fracture risk to allow direct comparison with the WHO risk prediction algorithm as detailed in the accompanying report [35] . Because the 60-year-old white female population has an average 10-year hip fracture risk of 1.79%, this translates into an absolute 10-year hip fracture probability of 3.0% (10-yr hip risk of 1.79 multiplied by relative risk of 1.6) as a cost-effective treatment intervention threshold. The impact of altering drug cost, the duration of fracture sequelae, and willingness to pay per QALY gained on the cost-effective intervention thresholds was examined for white women.
Results
The two approaches to modeling fracture risk provided comparable results (Fig. 2) , and we chose the more straightforward technique of modeling fracture incidence rates (Approach 1) for the remainder of the analysis. Average absolute 10-year hip fracture probabilities as estimated using Approach 1 for populations of women and men by race/ethnicity group are shown as vertical bars in Fig. 3 . Although average 10-year risks differ by gender and race/ethnicity, the familiar pattern of higher fracture probabilities at older ages is evident for all groups.
The cost-effectiveness analysis of treatment relative to no intervention among average risk populations yielded ICERs that ranged from over $380,000 per QALY gained in 50-yearold white women to being cost-saving in 75-year-old white women (Table 2) . At each age, the cost per QALY gained for individuals of average age-specific risk were two or more times greater for black, Asian and Hispanic women and white men than those estimated for white women. For black, Asian and Hispanic men, the cost per QALY gained was two or more times greater than those estimated for white men. Although relative risks differed markedly between race groups for each gender, the cost-effective intervention thresholds by race/ethnicity group, which are depicted as lines in Fig. 3 , did not. The absolute 10-year hip fracture probability at which treatment cost $60,000 per QALY gained were very comparable across race and ethnicity groups. Among women, these 10-year hip fracture probabilities ranged from 2.5% in 50-year-old women to 4.7% at age 75. Among men, intervention thresholds by age ranged from 2.4% to 4.9%. In general, the intervention thresholds are slightly higher for men compared with women. Figure 4 depicts the impact that both willingness -to-pay threshold (i.e., cost per QALY gained considered "cost- * Rounded values are shown for treatment minus no intervention † This relative risk was applied to each type of fracture to achieve a cost per QALY gained of $60,000 for treatment (i.e., ΔC / ΔQALY ≤$60,000). Thus, the estimated mean costs and quality-adjusted life expectancies for treated and untreated cohorts include costs and quality of life impact associated with all fractures. Fig. 2 Model validation results comparing two modeling approaches for white women where fractures modeled include hip, wrist, spine, and other (proximal humerus, rib, pelvis, and tibia/fibula). Approach 1 modeled age-specific fracture incidence, making no distinction between first and subsequent fractures. Approach 2 modeled agespecific incidence of first fracture and increased the rate at which subsequent fractures occurred effective") and annual drug treatment costs had on both the relative risk (Fig. 4a) and absolute 10-year hip fracture probabilities (Fig. 4b) at which it was cost-effective to treat white women. The annual treatment cost had more impact on the intervention threshold than the choice of a willingness-to-pay threshold. Figure 5 shows how the intervention threshold is affected by the duration of a fracture's adverse impact on health-related quality of life. When the duration of adverse impact was doubled to 10 years, the absolute risk at which it was costeffective to intervene dropped by approximately 0.3%. When fracture was assumed to have a lifetime adverse impact on health-related quality of life, the intervention threshold dropped to approximately 1.5% in women under age 70.
Discussion
Our economic analysis employed a fracture incidencebased model to identify the absolute 10-year hip fracture risk at which osteoporosis treatment is "cost-effective." A range of annual treatment costs ($300, $600, and $900 per year) and definitions of "cost-effective" ($50,000, $60,000 and $75,000 per QALY gained) were considered in these analyses. Overall, intervention thresholds were more markedly affected by annual treatment costs than by the costeffectiveness definition (i.e., willingness to pay per QALY gained). With an anticipated decrease in osteoporosis treatment cost as generic bisphosphonate becomes available, the economic analyses that we report support an absolute 3% 10-year hip fracture probability among women and a slightly higher 3.5% risk among men as cost-effective treatment intervention thresholds. For those under age 65, although relative risk intervention thresholds varied markedly among race/ethnicity groups, absolute risk intervention thresholds were nearly identical. This highlights an important advantage to characterizing risks on the basis of absolute rather than relative fracture risk. The clinical scenarios that result in absolute 10-year hip fracture risks above the intervention thresholds are discussed in detail in a companion paper [35] .
For older age groups, there was a tendency for absolute fracture risk intervention thresholds to increase. This is not unexpected due to the increased competing mortality risks from other diseases that individuals face as they age and has been observed in similar analyses reported for U.K. and Swedish populations [8, 9] . Thus, differences between race/ ethnicity groups are more apparent among those age 65 to 80 than among those under age 65. For example, average risk white women who are age 70 or older exceed the absolute risk intervention threshold while average risk black women do not exceed the threshold until they are over age 75 years.
Although intervention thresholds are presented in terms of absolute 10-year hip fracture risk, our analysis also accounted for the impact that wrist, clinical spine, proximal humerus, pelvis, rib and tibia/fibula fractures have on health-related quality of life. Their inclusion is important since judging treatment cost-effectiveness in preventing only hip fractures would require a much higher absolute fracture risk than we report here. For example, among 60-year-old white women when all fractures were included, we identified a 3.0% 10-year hip fracture risk as the costeffective intervention threshold. This threshold would more than double to 6.6% if only hip fractures were considered. Although we have addressed non-hip fractures in our analysis, the challenge in understanding the complex relationship between probability of hip fracture and other fractures requires further epidemiological investigation. As more evidence becomes available concerning risk factors for hip and non-hip fractures and their associations with mortality, refined economic analyses will be possible.
Due to the dearth of evidence regarding the longitudinal impact of fractures on health-related quality of life, we Fig. 3 Absolute 10-year hip fracture risk by age and race at which it is cost-effective to treat (shown by lines) and average 10-year hip fracture risk by age and race (shown by vertical bars) for a) women and b) men in the United States limited the duration of adverse fracture impact to 5 years and examined 10-year and lifetime durations in sensitivity analyses. Among white women, we found that the intervention threshold would drop to below 2% if a lifetime adverse impact from incident fractures was modeled compared with the 5-year duration. Although the 5-year duration is more conservative than assumptions in other economic analyses [7] [8] [9] 16] , it is important to note that our modeling of agespecific health-related quality of life already includes the adverse affects of multiple chronic conditions on health in the population. To the extent that a history of a prior fracture becomes prevalent as the population ages, chronic health effects are likely already adequately captured in the agespecific health state values that were utilized in the economic analysis.
Previous analyses that utilized similar treatment efficacy at costs of $500 per year identified absolute 10-year hip fracture risks ranging from 2.73 to 3.18% for 60-year-old women and 3.98 to 4.14% for 65-year-old women as cost-effective [8, 9] . With slightly higher annual treatment costs of $600 per year, we identified comparable cost-effective intervention thresholds ranging from 2.8 to 3.0% among 60-to 65-year old women across race and ethnicity groups. However, for younger women there were more marked differences in the intervention thresholds identified for United States compared with U.K. and Swedish populations, with higher intervention thresholds in the United States (e.g., 2.5 to 2.8% for United States women vs. 1.2 to 2.1% for European women ages 50 to 55 years). This difference is likely due to differing assumptions regarding the long-term adverse impact of $50k -c600 $50k -c900 $60k -c300 $60k -c600 $60k -c900 $75k -c300 $75k -c600 $75k -c900 a b Fig. 4 Among white women, the impact of drug treatment cost ($300, $600 or $900 per year) and willingness-to-pay threshold ($50K, $60K, or $75K per QALY gained) on (a) relative risk required to achieve cost-effectiveness where relative risks are computed using 10-year average risk of fracture for the general population at each age and on (b) absolute 10-year hip fracture risk at which treatment becomes cost-effective in the United States fracture on health-related quality of life that was noted earlier. A similar pattern was noted for men, with intervention thresholds among United States men tending to be higher than those reported for Swedish men [9] .
Comparison of intervention thresholds between countries is ideally made in the context of a single model, as was recently undertaken by Borgström et al. [16] . When $600 annual treatment costs were considered for 70-year-old women using a $60,000 per QALY gained willingness-topay threshold, the absolute 10-year hip fracture risk at which intervention was cost-effective ranged from 4.97 to 5.44% between countries. Our analysis, for the same age group, treatment cost and willingness to pay criterion, identified intervention thresholds ranging from 3.8 to 4.2% for United States women. The slightly lower thresholds that we identified may be explained by our exclusion of future costs associated with prolonged survival [16] .
Our analysis updates a portion of the economic underpinnings of current NOF practice guidelines that were conducted using similar analytic methods a decade ago and provides generally consistent results regarding who should be treated [3] . In contrast with that earlier study, the current economic analysis focuses on when osteoporosis treatment is cost-effective relative to no treatment as the absolute risk of fracture is systematically varied. We considered neither the value of empiric treatment relative to bone density screening strategies, nor the value of screening relative to no intervention. Although one can infer that bone mineral density (BMD) testing is clinically indicated when it would change the treatment recommendation (e.g., result in crossing a threshold vs. not), it is important to recognize that the economic analysis did not explicitly consider the cost-effectiveness of BMD screening strategies. An analysis addressing the latter (universal screening vs. no intervention) in older white women in this country highlighted the potential value of screen and treat strategies [36] . A more recent analysis addressed these issues in men and found it reasonably cost-effective to screen men age 65 and older with a history of prior fracture [37] . Other United States studies have shown the potential for clinical strategies involving bone densitometry to be cost-saving [38, 39] .
We also did not address the value of alternative osteoporosis treatments. Instead, we follow the approach taken in European guidelines development [2] of focusing on when treatment is warranted while leaving particular treatment choices up to individual clinicians and patients. Viewed within this context, our assumption of 100% treatment persistence has little bearing on the economic analysis, because those who discontinue treatment forego both treatment costs and potential health benefits. However, as evidence regarding persistence of alternative agents becomes available, a more thorough evaluation of how differential persistence affects the economic value of competing treatments will be warranted. Meanwhile, with marked differences in the costs of alternative treatments as exemplified by the prices of parathyroid hormone analogs and bisphosphonates, there is certainly heterogeneity in the value of alternative agents. In our analyses, we adopted a 35% efficacy in fracture reduction for all types of fractures. Although this does not match the efficacy profile for any specific agent, it is well within the range of values that are reasonable for bisphosphonate treatment and has the added advantage of allowing comparison with European efforts to identify intervention thresholds [8, 9, 16] .
Cost consideration in clinical guidelines development is sometimes controversial [40] . Yet as health care budgets become increasingly strained by a growing elderly population, it is recognized that the value of the clinical guidelines warrants consideration. To address this, we undertook model-based cost-effectiveness analyses to identify the absolute 10-year hip fracture probability at which osteoporosis treatment becomes cost-effective. Intervention thresholds were identified separately for men and women by race and ethnicity. Application of the WHO risk prediction tool to identify individuals who meet the intervention thresholds, as detailed in the accompanying paper [35] , should facilitate identification of appropriate individuals for treatment and will help optimize efficient osteoporosis care.
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